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Abstract
We established a method to assay 210Pb and 210Po contaminations in the bulk of copper samples using a low-background alpha
particle counter. The achieved sensitivity for the 210Pb and 210Po contaminations reaches a few mBq/kg. Due to this high sensi-
tivity, the 210Pb and 210Po contaminations in oxygen free copper bulk were identified and measured for the first time. The 210Pb
contaminations of our oxygen free copper samples were 17-40 mBq/kg. Based on our investigation of copper samples in each
production step, the 210Pb in oxygen free copper was understood to be a small residual of an electrolysis process. This method to
measure bulk contaminations of 210Pb and 210Po could be applied to other materials.
Keywords: 210Pb, 210Po, copper, radio purity, Alpha spectroscopy
1. Introduction
In recent low-background experiments performed under-
ground and aiming for dark matter or neutrinoless double beta
decay detection, radio-purity of the detector materials is a crit-
ical issue. Oxygen free copper (OFC) is readily available com-
mercial material of low radio isotope (RI) content. Thus it is
used in experiments such as XMASS [1], and CUORE [2]. In
order to investigate RI in the uranium and thorium chains, 238U
and 232Th contaminations are usually measured by Inductively
Coupled Plasma Mass Spectrometry or Glow Discharge Mass
Spectrometry (GD-MS) with high precision. However, if the
radioactive equilibrium is broken, inferred 226Ra or 210Pb con-
taminations will be different. With a high purity germanium
detector (HPGe), 226Ra can be measured down to a few tens of
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mBq/kg. However, the sensitivity for 210Pb contamination is
limited to around 100 mBq/kg. Moreover, HPGe cannot distin-
guish surface from bulk contamination. Since the requirements
for RI contamination are becoming more stringent, we devel-
oped a better way to measure the contamination of 210Pb in
copper with a low-background alpha particle counter. By mea-
suring the time evolution of event rate of the 5.30 MeV alpha
rays from 210Po decay with an alpha particle counter, the 210Pb
contamination can be determined because the 210Po half-life is
138.4 days and much shorter than that of the parent isotope,
210Pb.
In this paper, we report that we measured 210Pb and 210Po in
OFC using this method and found their contamination for the
first time. Also we observed that the 210Pb contamination de-
creases only after electrolysis process among copper refinement
steps is applied. We describe details of the method in Section 2
and the result of measurements in Section 3.
Preprint submitted to Elsevier January 10, 2018
2. Methodology
2.1. Measurement of 210Po under low background condition
A low-background alpha particle counter is commonly used
to measure the surface RI contamination. But it is also possi-
ble to measure bulk radioactive contamination [3]. In the alpha
particle counter, energy deposition of an alpha ray emerging
from the material surface is measured. Fig. 1 shows the en-
ergy distribution of 5.30 MeV alpha rays generated uniformly
in copper bulk obtained from a Geant4 [4] Monte Carlo (MC)
simulation. The distribution is continuous because alpha rays
emerging from the bulk lose part of their energy before reach-
ing the surface. The contribution of bulk 210Po alpha ray mostly
comes from within 10 µm from the surface of the copper sam-
ple.
To measure bulk contamination, the following conditions are
important: (C1) Background from the alpha particle counter it-
self should be small. (C2) Radioactive contamination on the
sample surface should be minimized. (C3) The surface rough-
ness of samples should be much smaller than the range of alpha
rays in copper. (C4) alpha rays from radioactive nuclei other
than 210Po should be negligible. To keep these conditions, we
performed the following procedures.
In order to satisfy the condition (C1), we used the alpha par-
ticle counter, an Ultra-Lo1800 made by XIA LLC [5]. The
Ultra-Lo1800 measures the induced charge from ions and elec-
trons created by an alpha ray. Background from the outside is
vetoed by a surrounding veto counter. The measured area of
samples should be 30 cm diameter circle or 42.5 cm square.
All the measurements in this paper were performed using the
30 cm diameter circle mode. The alpha particle counter was in-
stalled underground at Kamioka Satellite of the Kavli Institute
for the Physics andMathematics of the Universe, the University
of Tokyo, so that the background generated by cosmogenics is
negligible. Argon gas is fed from a liquid argon bottle. In order
to reduce the background from emanating 222Rn and 220Rn, the
gas line connections are all made from electro-polished (EP)
stainless steel. Most of the background comes from 222Rn and
220Rn emanating from detector materials or the upstream pip-
ing and a liquid argon bottle. After the sample is set in the
alpha particle counter, argon gas is purged for 90 minutes to
lower the humidity below <50 ppm and also to flush out the
222Rn and 220Rn. We do not use the data of the first day, be-
cause it still contains 222Rn and 220Rn backgrounds and also the
detector conditions such as humidity become stable after that.
Moreover, we do not use the data within one day before the
liquid argon bottle runs empty because the energy scale of the
detector changes as the bottle empties.
To satisfy the condition (C2), the alpha particle counter was
installed in a class 1000 clean room in order to minimize dust
contamination during sample exchange. We also kept the sam-
ples in an ethylene vinyl alcohol copolymer bag not to accu-
mulate radon daughters on the sample surface during storage
and we assume that any residual accumulation is negligible. To
minimize the residual surface contamination [6] and to make
the surface flat, all copper samples were electro-polished. By
the EP process, the surface becomes smooth with an average
roughness of much less than 1 µm, that we verified with a laser
microscope. Therefore the surface roughness is much smaller
than alpha ray range in copper, 10 µm. So the resulting rough-
ness doesn’t affect the alpha counter measurement, satisfying
condition (C3).
In order to confirm the condition (C4), we measured 238U and
232Th bulk contamination in the copper samples (coarse copper,
bare copper, OFC, 6N copper samples shown in Section 3) by
GD-MS. Including the coarse copper which is the lowest pu-
rity sample, we found that all the samples are less than detec-
tion limits of the GD-MS, 100 ppt, which corresponds to 1.2
mBq/kg and 0.4 mBq/kg in 238U and 232Th, respectively. The
values are the same order of the alpha particle counter back-
ground so that the contributions from 238U and 232Th in the
copper samples are negligible. Also we checked 226Ra bulk
contamination of the coarse copper sample by HPGe. No sig-
nificant signal was found and the upper limit was obtained to be
3.0 mBq/kg. The 226Ra contribution is negligible.
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Figure 1: Energy distribution of 210Po alpha-ray MC simulation produced in a
bulk copper. Stacked histograms are differentiated by the distance (d) between
alpha-ray generated point and copper surface. Energy resolution of the alpha
counter shown in the next subsection is taken into account.
2.2. Data analysis
The alpha counter provides energy (E), t0, and tµ. Here, t0 is
the time when the signal starts to rise and tµ is the time when
the signal reaches its maximum height. Therefore, tµ-t0 is a
proxy for the time electrons drift from the sample surface to the
electrode. Details are shown in [5].
Energy calibration data are routinely taken using 5.30 MeV
alpha ray from the 210Po decay of a surface alpha-ray source
(10 cm by 10 cm square copper plate) which is located at the
center of the sample tray. Fig. 2 shows an example of the en-
ergy distribution of 5.30 MeV alpha ray from the 210Po decay.
Using the data taken just before the sample measurements, the
energy is corrected by fitting the peak. The energy resolution is
estimated to be 4.7% (1σ) at 5.30 MeV. In order to check the
stability of the energy, the 210Po 5.30MeV peak is continuously
monitored. The observed stability is within 1% as shown in Fig.
3.
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Figure 2: Energy distribution of the calibration sample. 210Pb was accumulated
on the sample surface. The 5.30 MeV 210Po alpha-ray peak is clearly seen.
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Figure 3: Time variation of the peak energy of 210Po alpha ray. Red lines
delineate ±1% from the average. The energy scale is stable within 1%.
Data selection criteria are: (S1) An event is registered, (S2)
No veto signal is observed, (S3) 60 µs<(tµ-t0), and (S4) 2.5<
E <4.8 MeV.
Fig. 4 compares data from a coarse copper sample provided
by Mitsubishi Materials Corporation (MMC) for our study and
the respective simulation. Coarse copper is the quality of cop-
per before the electrolysis process and its purity is about 99%.
Alpha rays from the bulk have a continuous energy distribu-
tion. As shown in Fig. 4, the alpha rays from the sample sur-
face are clustered around tµ-t0 = 70 µs. Criterion (S3) selects
events happening at the sample surface, not in the gas surround-
ing sample.
We only use the data where the energy is larger than 2.5
MeV because the efficiency below this energy is affected by
the trigger threshold effects as evident in Fig. 4. Events around
5.30 MeV may contain residual surface 210Po alpha-ray events.
Therefore events in 2.5< E <4.8 MeV are used to estimate the
210Po bulk contamination. The contribution in E <4.8 MeV
from surface 210Po alpha rays is estimated to be less than 10%,
based on the calibration sample study. Energy distribution of
the surface 210Po simulation is sharper than that of the calibra-
tion data shown in Fig. 4. It is because the simulation assumed
the contamination was evenly distributed over the entire sur-
face, though the calibration sample is smaller (10 cm by 10 cm)
and located at the center of the sample tray. Energy resolution
at the outer boundary of the sample area is not as good as that
in the central area, that is taken into account in the simulation.
We use the emissivity in 2.5< E <4.8 MeV to estimate the
210Po contamination in the copper bulk. Emissivity is the ef-
ficiency corrected alpha-ray event rate from a unit area. From
the MC simulation, the conversion factor from the emissivity
in 2.5< E <4.8 MeV to 210Po contamination for copper is ob-
tained as 2.7×102 (Bq/kg)/(alpha/cm2/hr).
The observed background level in our setup before apply-
ing criterion (S4) is about 10−4 alpha/cm2/hr. The remain-
ing background comes from the decay of daughter nuclei of
220Rn and 222Rn (down to 210Pb) to the surface of the samples.
The energies of the dominant alpha rays from these daughters
are 6.78 MeV from 216Po, 6.05 MeV from 212Bi, 8.79 MeV
from 212Po, 6.00 MeV from 218Po, and 7.69 MeV from 214Po.
The lowest energy of alpha ray among these daughter nuclei
is 6.00 MeV from the 218Po decay. Thus, most of background
can be removed by selecting low-energy events and the back-
ground for the bulk 210Po measurement is reduced to be <10−5
alpha/cm2/hr.
The remaining background from the alpha particle counter
was estimated by measuring a clean silicon wafer. Simply mea-
suring the emissivity of an empty stainless steel sample tray
is not relevant as any sample put on the tray prevents that
background from reaching the alpha particle counter. A sili-
con wafer is one of the cleanest among our measured sample.
Assuming that it has no bulk contribution in itself we use this
measurement to extract a maximal contribution from the detec-
tor to the 2.5< E <4.8 MeV region. The measured emissivity
of the silicon wafer in 2.5< E <4.8 MeV is (5.6±5.6)×10−6
alpha/cm2/hr, which would correspond to a 1.5 mBq/kg 210Po
contamination using the MC derived copper bulk conversion
factor.
To determine the 210Pb contamination, we measure 210Po
several times over different periods because the 210Pb and 210Po
decay equilibrium may have been previously broken. The evo-
lution of the 210Pb and 210Po contaminations is described as the
following equations:
N0(t) = N0(0) exp(−t/τ0) (1)
N1(t) = N0(0)
1
τ0
1
τ1
−
1
τ0
(exp(−t/τ0) − exp(−t/τ1))
+N1(0) exp(−t/τ1), (2)
where τ0 and τ1 are the life times of
210Pb and 210Po, and they
are 32.17 years and 0.55 years, respectively. N0(t) and N1(t) are
the 210Pb and 210Po contaminations at time t, respectively. N1(t)
is obtained from the emissivity measurement after background
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Figure 4: The upper figure shows Energy vs. tµ-t0 in the coarse copper sample
before the tµ-t0 cut. Lower figure overlays the energy distribution of the coarse
copper sample after the tµ-t0 cut with the MC simulation of bulk and surface
210Po. Black points show data with statistical error. The solid and dashed lines
show the bulk and surface 210Po simulation, respectively. Bulk simulation is
normalized by number of events in 2.5< E <4.8 MeV. Because threshold of the
data acquisition is not implemented in the MC, the data at energies <2.5MeV
doesn’t match the MC.
subtraction. t=0 is the time when the copper samples were de-
livered. By fitting the data with the equations above, 210Pb and
210Po contaminations are obtained. Fig. 5 shows the time evolu-
tion to the equilibrium of the 210Po contamination in the coarse
copper bulk together with the resulting fit. The 210Pb contami-
nation in coarse copper bulk is estimated to be 57±1 Bq/kg. To
check the validity of the conversion factor, the 210Pb contamina-
tion in coarse copper is investigated with HPGe. The measured
contamination is 55.6±1.5 (stat.)+16.7-5.6 (sys.) Bq/kg, which
is consistent with our alpha particle counter measurement. The
dominant systematic uncertainty of the conversion factor comes
from the uncertainty of the HPGemeasurement and is estimated
to be +30% -10%.
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Figure 5: Time evolution of event rate of 210Po in coarse copper bulk. Line
shows a fitted result using Eq. 1 and 2.
3. Copper sample measurements
Based on the methodology detailed in the previous section,
we measure the 210Pb and 210Po contaminations in various cop-
per samples.
3.1. Oxygen free copper samples
We investigate different OFC (Japanese Industrial Standards
(JIS) H2123 C1020) batches as well as OFC samples made by
different companies. We purchased plates that were processed
by rolling. All plates were electro-polished taking off about 20
µm of the material surface. Fig. 6 shows the time evolution
of the 210Po contaminations in the bulk for the measured sam-
ples. Four samples were made by MMC and the other two by
another company, SH copper products. As a result of the fit-
ting, the 210Pb contaminations in all the samples are estimated
to be within 17-40 mBq/kg, though 210Po contaminations vary
widely as summarized in Table 1. This is the first identifica-
tion of a 210Pb contamination in OFC. Although OFC is known
as a clean material, we found that our samples contain a few
tens of mBq/kg of 210Pb. The variation of the 210Pb contamina-
tions among the OFC samples is small. We also investigated the
4
highest grade of OFC, class 1 according to the American Soci-
ety for Testing and Materials (ASTM) B170 C10100 standard.
It was made by SH copper products and the 210Pb contamina-
tion we measured was 36±13 mBq/kg. Thus we do not see a
significant difference on the 210Pb contamination between the
different OFC grades.
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Figure 6: Time evolution of 210Po bulk contamination in our OFC samples.
Error bars show the statistical error. Sample #1-4 were made by MMC. Sample
#5 and 6 were made by SH copper products. The samples were delivered on
Jan. 31st, 2015.
3.2. Copper samples from different steps in the production pro-
cess
In order to investigate the origin of the 210Pb contamination
in OFC, we measured copper samples under refining, namely,
coarse copper, bare copper, and OFC (JIS H2123 C1020).
These were all made and provided by MMC for this study. The
result of the coarse copper measurement was already shown in
Section 2. Bare copper is made from coarse copper by elec-
trolysis. OFC is then made from bare copper by removing the
oxygen contamination as summarized in Fig. 7. The samples
were all formed by cutting and milling, but not by rolling in or-
der to minimize possible 210Pb accumulation from roller. To re-
move the contribution from surface activity, we removed about
50 µm surface materials by EP with fresh electrolysis solution
in a clean room. Each sample was measured more than three
times to investigate time evolution of 210Pb and 210Po decays.
Fig. 8 shows the time evolution of 210Po contaminations of the
samples. The fit results including other samples are summa-
rized in Table 1. Coarse copper has the highest 210Pb contami-
nation. The 210Pb contamination of the samples that underwent
the electrolysis process, bare copper and OFC, are more than
three orders of magnitude lower than that of coarse copper. The
equilibrium between 210Pb and 210Po decays is largely broken.
In the coarse copper sample, the 210Pb contamination is higher
than 210Po contamination. On the other hand, bare copper and
OFC have a higher 210Po contamination than 210Pb contamina-
tion. These results indicate most of the 210Pb is removed in
the electrolysis process but the reduction ratio for the daughter
isotopes, 210Bi or 210Po is smaller than that of 210Pb. The 210Pb
contamination in OFC that was not rolled is consistent with that
of the rolled OFC samples shown in Fig. 6.
Figure 7: Copper sample production summary.
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Figure 8: Time evolution of the 210Po contamination in coarse copper, bare cop-
per, and OFC. Error bars show the statistical error. The samples were delivered
on Oct. 5th, 2015.
3.3. Very low 210Pb contamination copper
To find the copper least contaminated with 210Pb, we investi-
gated 6N (>99.9999% purity) copper made by MMC. 6N cop-
per is made from bare copper. The main process to make 6N
copper is an additional electrolysis in a clean environment. The
number of 210Po events in the 6N copper sample is only one or
two events over two weeks measurement. This event rate from
the 6N copper sample is consistent with the background ob-
served in the silicon wafer samples. This implies that the cop-
per is as pure as the silicon wafer or that both materials purity
exceed the sensitivity capabilities of the instruments. There-
fore we can only derive an upper limit for the 210Pb contami-
nation in 6N copper. The 210Pb and 210Po contamination limits
at 90% confidence level (CL) are estimated to be <4.1 mBq/kg
and <4.8 mBq/kg, respectively. The 210Pb contamination of 6N
5
Table 1: Summary of measurements. The contamination when the samples were delivered are shown. The errors show the statistical error. The systematic
uncertainty is +30% -10%.
Sample 210Pb contamination 210Po contamination
(mBq/kg) (mBq/kg)
OFC#1 (C1020) (MMC) 40±8 47±21
OFC#2 (C1020) (MMC) 20±6 33±14
OFC#3 (C1020) (MMC) 27±7 (1.6±0.3)×102
OFC#4 (C1020) (MMC) 23±8 (2.2±0.4)×102
OFC#5 (C1020) (SH copper products) 17±6 44±18
OFC#6 (C1020) (SH copper products) 27±8 24±17
OFC (class1) (SH copper products) 36±13 38±3
Coarse copper (MMC) (57±1)×103 (16±2)×103
Bare copper (MMC) 8.4±4.0 (1.1±0.2)×102
OFC (MMC) 23±8 (1.3±0.3)×102
6N copper (MMC) <4.1 <4.8
Electroformed copper (Asahi-Kinzoku) <5.3 <18
copper is much smaller than those of OFC. According to the
GD-MSmeasurement, one of the stable lead isotope, 208Pb con-
taminations in coarse copper, bare copper, OFC, and 6N copper
are 2200 ppm, 0.19 ppm, 0.98 ppm, and 0.002 ppm, respec-
tively. The 208Pb contamination ratio of coarse copper, bare
copper, and OFC are similar to that of our 210Pb measurements.
The 210Pb contamination in 6N copper is expected to be 0.05
mBq/kg if we assume that the ratio between 208Pb and 210Pb
is common among these copper samples. To directly measure
such a low level contamination, further background reduction
and longer duration measurements are required.
Another very low 210Pb contamination sample was electro-
formed copper. The electroformed copper we measured was
accumulated on a stainless steel base about 500 µm in thick-
ness. The input material was copper phosphate. After machin-
ing the accumulated copper to make flat surface, EP is applied
to remove about 50 µm of materials. The observed number of
alpha-ray events was consistent with the background expecta-
tion. The 210Pb contamination limit at 90% CL in the electro-
formed copper bulk is estimated to be <5.3 mBq/kg.
4. Summary and discussion
We established a new method to measure the 210Pb and 210Po
contaminations in copper bulk by distinguishing bulk originat-
ing alpha rays from those of surface. This is the first mea-
surement of 210Pb contamination in copper bulk using a low-
background alpha particle counter. Due to the achievement
of very low background in the alpha counter, the sensitivity
to measure this 210Pb and 210Po contaminations reaches a few
mBq/kg. We found that OFC contains a small, but non-zero, 17-
40 mBq/kg contaminations of 210Pb. This 210Pb is interpreted
as a small residual from the electrolysis process based on the in-
vestigation of the coppers in each production step. The 6N and
the electroformed coppers contaminate 210Pb at least one order
lower than OFC. The method we established here to measure
the copper bulk contamination could apply to other materials.
Because radon emanates continuously into the air and decay
products are accumulated on the surface of the material, 210Pb
can get mixed into the material in the production process. 210Pb
contamination needs to be investigated independently from that
of 238U or 226Ra. To check the 210Pb bulk contamination is
important for dark matter and neutrinoless double beta decay
experiments. Our method can improve material screening and
preparation for such low background experiments.
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